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I .  ABSTRACT 


When  gas  that  is  not  saturated  wjth  water  is  passed  over  a  wetted 
surface,  the  surface  temperature  will  drop  because  of  evaporation  of 
water.  This  drop  in  temperature  (often  called  the  wet-bulb  depression) 
together  with  the  temperature  of  the  gas  stream  gives  a  measure  of  the 
humidity  of  the  gas.  For  many  years,  psychrcmeters  based  on  this  phencm- 
non  have  been  used  very  successfully  for  measuring  the  humidity  of  air 
under  the  usual  conditions  of  temperature  and  pressure  encountered  by  most 
people  on  earth. 

In  recent  years,  with  man's  increasing  interest  in  exploring  the 
ocean  at  greater  and  greater  depths,  it  was  found  necessary  to  replace  the 
nitrogen  of  the  normal  atmosphere  with  helium  to  provide  a  breathing  gas 
for  those  living  at  ambient  ocean  pressure.  This  led  to  a  need  for  a 
knowledge  of  the  psychrometric  properties  of  helium  at  pressures  up  to 
several  hundred  pounds  per  square  inch. 

This  investigation  has  resulted  in:  (1)  the  development  of  an 
improved  psychrometer,  (2)  the  development  of  a  psychrometric  equation  for 
the  helium-water  vapor  system,  and  (3)  the  development  of  a  comnuter 
program  which  makes  it  possible  to  print  out  psychrometric  charts  for  any 
ocean  depth. 
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TT .  INTRODUCTION 


It  must  have  been  many  thousands  of  years  since  man  first  observed 
that  a  '■retted  surface  became  cool  when  air  blew  over  it.  However,  it  was 
not  until  the  middle  of  the  eighteenth  century  that  there  is  any  record 
of  this  phenomenon  being  used  to  quantitatively  measure  the  humidity  of 
air. 

During  the  past  two  hundred  years,  psych  remeters  consisting  of  two 
thermometers .  one  dry  and  the  other  with  a  bulb  covered  bv  a  wetted  wick, 
have  been  used  extensively  to  measure  the  humidity  of  air  (1-17).  In 
fact,  the  wet-  and  dry-bulb  psychrometer  is  still  the  most  widely  used 
instrument  for  humidity  measurement. 

As  a  result  of  numerous  measurements  by  many  individuals ,  we  have 
reliable  tables  and  charts  that  give  the  relationship  between  wet-  and 
dry-bulb  temperatures  and  relative  humidity  (2.  11,  17).  However,  these 
'  ables  and  charts ,  in  most  cases ,  are  for  a  pressure  of  one  atmosnhere , 
since  most  people  live  at  approximately  that  pressure.  Nevertheless,  even 
on  earth  the  pressure  of  the  atrnosohere  varies  appreciatively,  particu- 
larly  with  altitude:  and  it  was  realized  as  early  as  lpp5.  as  a  result  of 
the  work  of  W.  Ferrel  (5,  6),  that  the  relacionshin  between  humiditv  and 
wet-  and  dry-bulb  temoeratures  was  a  function  of  pressure.  Mr.  ^errel 
made  measurements  at  sea  level  and  at  the  too  of  Pike's  Peak  In  Colorado, 
where  the  pressure  is  only  D.f’  that  at  sea  level,  and  derived  a  remark¬ 
ably  accurate  equation  giving  the  relationship  between  pressure,  wet- 
and  dry -bulb  temperatures  and  nartia]  pressure  of  water  vapor  in  the  aire 
Brooks  and  Allen  (3)  later  made  measurements  prom  n.3  to  l.b  atmosphere 
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pressure,  and  recently  3rown  (*l)  extended  the  range  frcn  to  5.?° 
atmospheres. 

Reliable  psychrcmetric  data  or  eouations  for  gases  other  than  air 
have  not  been  available.  Since  man  is  normally  an  air-breathing  animal 
and  psychronetry  has  been  principally  concerned  with  man '  s  comfort .  there 
has  been  little  need  for  psychrcmetric  proDerties  of  gases  other  than  air. 

This  is  no  longer  the  case,  for  today  sane  men  do  breath  gas  mix¬ 
tures  that  are  radically  different  from  the  usual  nitrogen-oxygen  mixture. 

For  hundreds  of  years  air-breathing  men  have  explored  and  worked 
in  the  ocean  in  various  types  of  diving  gear,  but  they  have  been  limited 
to  rather  shallow  depths  because  of  the  narcotic  effect  of  nitrogen,  which 
can  cause  serious  trouble  at  depths  greater  than  50  feet.  For  greater 
depths  (down  to  1,000  feet  or  more)  the  nitrogen  must  be  replaced  by  some 
other  gas,  and  the  gas  that  has  proved  most  practicable  is  helium. 

In  recent  years,  there  have  been  a  number  of  undersea  habitats 
in  which  men  have  lived  and  worked  in  the  ocean  at  depths  up  to  several 
hundred  feet.  The  pioneering  efforts  of  Jacques  Cousteau  with  his  Con- 
shelfs  and  the  U.  S.  Navy  with  Sealabs  I  and  IT  are  well  known,  but  many 
private  organizations  have  also  entered  this  field.  The  control  of  humid¬ 
ity,  in  all  of  these  ventures  has  proved  a  serious  problem,  and  part  of  the 
difficulty  has  been  due  to  a  lack  of  knowledge  of  the  psychrcmetric  prop¬ 
erties  of  the  he liim- water  vapor  system.  Attempts  to  extrapolate  from 
air-water  vapor  at  one  atmosphere  to  he liim- water  vapor  at  several  atmos¬ 
pheres  have  caused  lots  of  trouble. 

A  knowledge  of  the  psychrcmetric  properties  of  the  helium-water 
vapor  system  at  the  conditions  enco’jntered  in  undersea  habitats  was  badly 
needed.  This  investigation  was  designed  to  fill  that  need. 
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III.  THEORY  OF  THE  WET-  AND  DRY-BULB  PSYCHROMETER 


Many  people  have  contributed  to  the  theory  of  the  wet-  and  dry- 
bulb  psychrometer  (1,  9,  10,  16),  and  although  there  is  a  difference  of 
opinion  as  to  seme  of  the  details  of  mass  and  heat  transfer,  the  follow¬ 
ing  seems  to  represent  the  facts: 

When  liquid  water  is  brought  into  contact  with  a  gas  that 
is  not  saturated  with  water  vapor,  the  water  will  evaporate. 

This  requires  latent  heat  of  vaporization,  and  the  temperature 
of  the  wetted  bulb  drops  as  heat  is  removed.  However,  as  the 
temperature  of  the  wetted  bulb  drops,  two  things  happen:  (1) 
the  rate  of  evaporation  decreases  as  the  wetted  bulb  gets 
colder,  and  (2)  as  soon  as  the  temperature  of  the  wetted  bulb 
gets  lower  than  that  of  the  gas,  heat  begins  to  flow  fran  the 
gas  to  the  bulb,  and  the  rate  of  heat  flow  keeps  increasing  as 
the  temperature  of  the  wetted  surface  keeps  dropping.  Eventu¬ 
ally  the  rate  at  which  heat  flews  from  the  gas  to  the  bulb 
becomes  equal  to  the  rate  at  which  heat  is  lost  through  latent 
heat  of  vaporization,  and  the  temperature  of  the  wetted  bulb 
drops  no  further. 

If  the  r  tity  of  gas  is  so  large  compared  to  the  quantity  of 
water'  that  the  temperature  and  humidity  of  the  gas  do  not  change  appre¬ 
ciably  and  if  the  velocity  of  the  gas  over  the  wetted  surface  is  above 
a  certain  minimum  value,  the  lowest  temperature  reached  by  the  wetted 
bulb  is  called  the  "wet-bulb  temperature''.  The  conditions  are  illustra¬ 
ted  in  Figure  1. 
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Pig.  1.  Sketch  to  Illustrate  Wet-Bulb  Temperature. 

A  gas  with  temperature  t  ,  humidity  H  ,  mole  fraction  of  water 

o  o 


mcmeters,  one  of  ’which  is  covered  with  a  wetted  wick  of  area  A.  The 

quantity  of  gas  is  so  great  that  its  temperature  and  humidity  do  not 

change  appreciably  as  it  passes  over  the  wetted  wick.  The  wick  reaches 

a  temperature  of  t  ,  and  saturated  gas  in  contact  with  the  wick  has  a 
w 

humidity  1-^,  a  mole  fraction  of  water  vapor  X^,  and  a  partial  pressure 
cf  water  vapor  pw. 


At  the  wet-bulb  temperature,  the  rate  at  which  heat  is  trans¬ 
ferred  frcm  the  gas  to  the  wetted  bulb  is 

Q/e  =  hA(t  ~tw)  (1) 

and  the  rate  at  which  water  is  transferred  from  the  bulb  to  the  gas  is 

ve  ■  “'vy 

In  these  equations 

Q/9  =  heat  transferred,  B.t.u./hr. 

h  =  heat-transfer  coefficient,  B.t.u./(hr.  x  sq.ft,  x  °P). 

A  =  area,  sq.ft. 

t  =  dry-bulb  temperature  (temperature  of  the  gas),  °P. 

s 

tw  =  wet-bulb  temperature ,  °P. 

N ye  =  rate  of  water  evaporation,  lb .  -mole/hr. 

k  =  mass  transfer  coefficient,  lb.-mole/(hr.  x  sq.ft,  x  unit 
mole  fraction  difference). 

X  =  mole  fraction  of  water  vapor  in  saturated  gas  at  the  wet- 
bulb  temperature 

X  =  mole  fraction  of  water  vapor  In  the  gas  stream. 

The  lb, -moles  of  water  evaporated  per  hour  multiplied  by  the  molal 
latent  heat  of  vaporization  is  eaual  to  the  3.t.u./hr.  of  heat  transferred. 
Therefore 

q/e  .  hA(yt„>  =(;!y9)(w.oifi»w)  -  (3) 

where 


Xw  =  latent  heat  of  vaporization  of  water  at  the  wet-bulb  temnerature, 
B.t.u./lb. 

18.016  =  molecular  weight  of  water. 

Prom  Equation  3 


X  -X  =  - - - (t  -t  ) 

W  ”  lB.Ol^kX  *  w 


w 


(*0 
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However 


II 

(5) 

(6) 

where 


Pw  =  partial  pressure  of  water  vapor  in  gas  saturated  at  the  wet- 
bulb  temperature.  (This  is  equal  to  the  vapor  pressure  of 
water  at  the  wet-bulb  temperature . ) 

Pg  =  partial  pressure  of  water  vapor  ir.  the  gas  stream. 

P  *  total  pressure. 

Substituting  in  Equati--  (*J)  gives 

h 


pw  pg 


I8.0l6luw 


?(t  -t  ) 
g  w 


or 


where 


p  -  d  *  KP 

w  -g 


Mi 

S. 


K  = 


(7) 


(8) 


(9) 


I8.0l6k 

The  latent  heat  cf  vaporization  of  water  can  be  expressed  by  th° 
equation 


X  =  1093.8  -  0.576t 
w  w 


Upon  substitution  of  this  expression,  Equation  8  becomes 
P„  -  P„  “  Iff - S-5- 


w 


g 


/  1  o ,  > 

l  J-'J/ 


(ID 


1093.8  -  0-576tw 

Cn  the  basis-  of  scattered  data  over  a  narrow  pressure  range  (from 
0.3  to  1.0  atm.)  in  the  literature,  Zimmerman  ar.d  Lavine  (17)  calculated 
the  value  of  K  for  the  air-water  vapor  system  to  be  0.3895.  Later 
Brovcr.  (^)  found  K  to  be  constant  over  the  range  of  pressures  he  investi¬ 
gated  (0.11!  to  5.20  atm.)  and  to  have  a  value  of  0.397  ±  0.20;  and  in 


the  present  investigation  a  value  of  0.39?  was  determined. 

According  to  Equation  9  ,  the  psychrcmetric  constant  K  is  a 
function  of  the  heat  and  mass  transfer  cients  and  the  molecular 

weight  of  the  liquid.  (The  previous  discussion  referred  to  "water"  and 
"water  vapor"  since  water  is  the  usual  liquid  we  are  interested  in,  but 
the  analysis  applies  equally  well  to  any  gas-liquid  system.) 

If  we  could  calculate  heat  and  mass  transfer  coefficients  with 
sufficient  accuracy  there  would  be  no  need  to  determine  psychrcmetric 
data  experimentally,  except  to  check  the  validity  of  the  equation.  How¬ 
ever,  we  don't  know  enough  yet  about  the  actual  mechanism  of  heat  and 
mass  transfer  in  the  systems  to  permit  us  to  make  calculations  of  suffi¬ 
cient  accuracy. 

Calculations  for  the  air-water  system  indicated  that  the  constant 
was  between  0.34  and  0.40.  This  was  reasonably  good  since  the  experi¬ 
mentally  determined  constant  Is  approximately  0.39.  For  the  helium- 
water  system,  however,  calculations  indicated  that  the  constant  was  betweer 
0.28  and  2.1  —  a  range  much  too  great  to  be  of  any  help. 

Because  we  can't  calculate  the  constant,  we  must  determine  It 
experimentally.  In  fact,  the  psychrcmeter  is  an  excellent  device  for 
determining  mass  transfer  coefficients  fran  heat-transfer  data. 

If  the  constant  K  is  known  for  a  particular  system,  the  partial 
pressure  cf  vapor  in  the  gas  stream  can  be  calculated,  and  this  In  turn 
can  be  used  to  calculate  the  absolute  humidity  (pounds  or  moles  of  vapor 
per  pound  or  mole  of  vapor- free  gas)  or  the  relative  humidity  (ratio  of 
partial  pressure  of  vapor  in  the  gas  to  partial  pressure  at  saturation). 

Using  ideal  gas  laws,  which  are  sufficiently  accurate  for  most 
purposes : 


8 


H. 


g 


«w 


Is- 

mole  wt.  of  liquid 

_p-pg_ 

mole  wt.  of  gas 

r_  n 

pw 

mole  wt.  of  liquid 

p-p 

mole  wt.  cf  gas 

(12) 


(13) 


PH  «  p£  x  100 


d'O 


where 

H  *  tumidity  of  the  gas  stream,  lb.  vapor/lb.  vapor- free  gas. 

H.  *  hunldlty  of  gas  saturated  at  the  wet-bulb  temperature ,  lb. 
vapor/lb.  vapor- free  gas. 

PH  *  percent  relative  humidity. 


p  *  partial  pressure  of  vapor  in  saturated  vapor-gas  mixture  at  the 
dry-bulb  tenperature.  (This  Is  equal  to  the  vapor  pressure  of 
the  liquid  at  t  ). 

o 

Over  the  usual  atmospheric  tenperature  range,  pg  and  pw  are  small 
cccpared  to  the  total  pressure,  P;  and  for  the  air-water  system  Equations 
12  and  13  can  be  reduced  to  the  approximate  equations 


and 


where 


18. 016 1 

fit] 

28. 967 J 

P 

18.016 

"pw  ' 

28.967 
—  - 

P 

(15) 

(16) 


28.967  *  molecular  weight  of  dry  air. 

Substituting  Equations  15  and  16  into  Equation  7  gives 


<vy 


28. 967 

h 

18.016 
-  V 

l8,Ol6kAff 

W__ 

ct -t ) 
g  w 


(17) 


or 


9 


or 


H 


w 


where 


K' 


H 


w 


(t  -t  ) 
g  w 


_ _h _ 

28.967k 


(18) 


(19) 


For  the  air-water  system.  It  has  been  found  experimentally  that 
K'  =  0.26.  Therefore,  the  common  relationship  for  air-water  vapor  for 
the  usual  atmospheric  conditions  is 


H„  -  Hg  -  -°-r~  <VV  (?0) 

w 

It  must  always  be  kept  In  mind,  however,  that:  (1)  Fnuation  20 
is  only  an  approximate  equation  and  that  it  becomes  more  and  more  Inac¬ 
curate  as  the  temperature  Is  raised,  and  (2)  that  it  only  applies  to  the 
air-water  system. 
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IV.  WET-BULB  TEMPERATURE  vs.  ADIABATIC  SATURATION  TEMPERATURE 


As  pointed  out  earlier,  wet-  and  dry-bulb  psychrcmetry  is  based 
on  bringing  a  large  quantity  of  gas  into  contact  with  a  limited  quantity 
of  liquid.  Under  these  conditions  neither  the  tenperature  nor  the  humid¬ 
ity  of  the  gas  is  changed.  A  related  phenomenon  is  based  on  bringing  a 
limited  quantity  of  gas  into  contact  with  a  large  quantity  of  liquid. 

Under  these  conditions,  the  gas  (unless  it  is  already  saturated  with 
vapor)  will  increase  in  hunidity  and  decrease  in  temperature.  If  the 
system  is  isolated  so  that  it  can  neither  lose  nor  gain  heat,  the  tenpera¬ 
ture  reached  by  the  water  is  known  as  the  "adiabatic-saturation 
tenperature" .  And,  if  the  system  is  large  enough  the  gas  will  leave  the 
chamber  saturated  with  vapor  at  the  adiabatic-saturation  tenperature.  A 
common  exanple  of  this  process  is  the  humidification  of  air  by  passing  it 
through  sprays  cf  circulating  water. 

The  wet-bulb  tenperature  is  something  quite  different  from  the 
adiabatic-saturation  tenperature :  the  former  is  based  on  heat  and  mass 
transfer  while  the  latter  depends  only  on  a  simple  heat  balance,  as  shown 
below  (and  with  the  aid  of  Figure  2)  for  the  air-water  system. 

A  heat  balance  over  the  system  shown  in  Figure  2,  based  on  t  as 

s 

the  datim  temperature, gives 

G(0.2JJ)(tgl-tg)  +  GH1(0.^8)(tgl-ts)  +  GH1Xg  = 

G(0.24)(t  2-tg)  +  GH2(0.48)(t  -tg)  +  GH^  (21) 

where: 

G  =  lb.  dry  air/hr. 

tgi  =  initial  tenperature  of  the  air,  °F. 
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Fig.  2.  Sketches  to  Illustrate  Adiabatic  Saturation. 

(A)  Spray  chamber  in  which  a  quantity  of  air,  G,  with  a  temperature  of 

t  and  a  humidity  of  H,  is  passed  through  spravs  of  circulating  water 

v;hose  temperature  reaches  t  .  Hie  air  leaves  with  a  humiditv  of  H~. 

s  d 

(B)  and  (C)  show,  respectively,  the  changes  in  humidity  and  temperature 
as  the  air  passes  through  the  chamber. 
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typ  =  final  temperature  of  the  air.  °F. 

tg  *  adiabatic  saturation  temperature  (temnerature  of  the  water),  °F. 

Hj  *  initial  humidity  of  the  air.  lb.  water/lb.  drv  air. 

Kp  ■  final  humidity  of  the  air.  lb.  water/lb .  dry  air. 

xs  3  latent  heat  vaporization  of  water  at  t  ,  3.t.u./lb. 

s 

0.2*}  *  specific  heat  of  drv  air.  B.t.u./(lb.  x  °F). 

0.*<8  =  specific  heat  of  water  vapor,  B.t.u./(lb.  x  °F). 

If  the  air  leaves  the  chamber  saturated  with  water  vaoor  (the  usual 


condition)  tg2  becomes  tg ,  becomes  Hg  (the  humidity  at  saturation) .  and 
Equation  21  reduces  to 


or 


or 


0(0.2*O(tgl-ts)  +  GH1(0.*<8)(tgl-ts)  +  GH1Xs  =  GHsXs 
(0.2*0(tgi-ts)  4  H1(0.H8)(tgl-ts)  =  (H^)^ 

Hs  -  Hi  -  0^8H1)(tgl-ts) 


(2?) 


(23) 


(2*J) 


Ifridar  the  usual  atmospheric  conditions,  the  quantity  (0.2*1  + 
0.*}8H^)  is  very  nearly  equal  to  0.26.  For  example,  at  70°F.  and  50* 
saturation,  *  0.0079,  and  0.2*1  +  0.*l8K^  =  0.2*}  +  0.907Q(o.i49)  =  o.2*i*j; 
and  at  100°F  and  80S  saturation,  Hx  =  0.03*)5,  and  0.?*J  +  n. h8H1  =  o .?H  + 
0. 03*15(0. *<8)  *  0.257. 


Therefore,  under  these  conditions  Equation  2*}  becomes  practi¬ 
cally  equal  to  Equation  20,  and  the  adiabatic  saturation  temoerature 
becomes  substantially  the  same  as  the  wet-bulb  temperature. 

This,  however,  is  a  mere  coincidence,  and  a  very  unfortunate 
coincidence,  for  it  has  led  to  a  cormon,  but  eroneous,  belief  that 
adiabatic-saturation  and  wet-bulb  equations  and  charts  can  be  used 
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interchangeably.  Actually,  they  can  be  used  interchangeably  for  the  air- 
water  system  if  the  temperatures  are  not  very  high  and  the  highest  accur¬ 
acy  is  not  required. 

However,  for  systems  other  than  air  and  water,  this  coincidence 
does  not  occur,  and  widely  different  results  are  obtained  from  the  two 
equations  even  at  low  temperatures .  For  example,  if  adiabatic-saturation 
temperatures  are  calculated  for  the  helium-water  system  and  then  used  as 
wet-bulb  temperatures  the  results  are  worthless.  And  even  for  the  air- 
water  system  it  is  not  wise  to  use  the  equations  interchangeably  at 
temperatures  much  above  125°F. 


It 


V.  APPARATUS 


An  apparatus  for  determining  the  value  of  the  constant  K  in  the 
psychrcmetric  equation  consists  of  the  following  elements:  (1)  a  system 
for  preparing  and  delivering  a  gas  stream  of  the  desired  temperature , 
pressure,  and  hunidity;  (2)  instruments  for  determining  the  amount  of 
water  vapor  in  the  gas  stream,  the  gas  flow  rate,  and  the  pressure;  and 
(3)  a  psychroneter  consisting  of  wet-  and  dry-bulb  measuring  devices  with 
appropriate  means  for  feeding  water  to  the  wet  bulb. 

The  apparatus  finally  used  is  shown  diagramatically  in  Figure  3. 
Most  of  the  system  presented  few  problems,  but  the  psychrcmeter,  itself, 
required  a  great  deal  of  study  before  a  reliable  unit  was  developed. 

Gas  Preparation  and  Delivery  System 
The  gas  preparation  and  delivery  system  (Figure  4)  includes  a 
pressure  regulator,  humidification  column,  entrainment  separator,  electri¬ 
cal  heating  tapes,  and  a  series  of  needle  valves  to  portion  the  flow. 

Une  various  parts  of  the  system  are  connected  with  3/8"  o.d. ,  0.032" 
wall-thickness,  standard,  soft,  copper,  refrigeration  tubing  connected 
with  compression-type  fittings.  All  components  can  withstand  pressures 
of  at  least  400  psi.  The  line  pressure,  and  resulting  flow  rate,  is  kept 
constant  with  a  diaphragjn-type  flow  regulator. 

As  can  be  seen  from  Figure  4,  gas  from  a  cylinder  is  split  into 
two  streams,  one  of  which  is  passed  through  a  humidification  column  after 
which  it  is  recombined  with  the  other  stream.  By  regulating  the  tempera¬ 
ture  of  the  humidification  colunn  and  the  ratio  of  the  two  gas  flow  rates, 
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POTENTIOMETER 


a  final  gas  stream  of  any  desired  humidity  can  be  readily  obtained. 

To  eliminate  the  need  for  a  circulating  pimp,  the  batch-type 
humidification  column  shown  in  Figure  5  was  designed,  and  it  proved  to 
be  very  satisfactory.  Jt  consists  of  an  8- foot  length  of  2-inch  nominal 
diameter,  schedule  40  steel  pipe,  packed  with  one-half  inch  cubes  of 
cellulose  sponge  to  a  height  of  7k  feet.  Ihe  packed  section  is  divided 
into  nineteen  inch  sections  of  sponges  separated  by  discs  of  20-mesh 
stainless  steel  screen.  This  construction  keeps  the  sponges  from  packing 
together  in  the  bottom  of  the  colunn  after  they  are  wetted.  In  op -ration, 
water  is  introduced  into  the  top  of  the  colunn,  with  no  gas  flowing,  until 
the  sponges  absorb  all  of  the  water  they  can.  The  wet  packing  holds  2.2 
lb.  of  water,  and  has  a  void  fraction  of  0.^29.  This  quantity  of  water 
is  sufficient  to  supply  6  standard  cu.ft.  per  minute  of  saturated  gas  at 
100°F.  and  20  psig  for  2.7  hr.  starting  with  dry  heliun. 

The  column  is  wrapped  with  a  1,200-watt  heating  tape,  and  other 
heating  tapes  are  wrapped  around  the  delivery  piping.  Variable  transform¬ 
er’s  are  used  to  control  temperatures. 

An  entrainment  separator,  Figure  6,  effectively  prevents  the  carry 
over  of  liquid  water. 

With  this  apparatus ,  the  gas  »leaving  the  system  is  discarded  to  the 
atmosphere.  Originally,  the  system  was  designed  so  that  discharged  gas 
could  be  collected  in  a  balloon  and  pimped  back  into  cylinders.  Unfortun¬ 
ately,  the  only  compressor  available  had  insufficient  capacity  and  proved 
unsatisfactory. 
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Fig.  5*  Humidification  Column  Fig.  6,  Fhtrainment  Separator 


Measuring  Sysism 

Measurements  are  made  of  the  following  quantities:  wet-  and  dry- 
bulb  tenperatures ,  pressure,  flow  rate,  and  humidity.  Temperatures  are 
measured  by  means  of  copper-constantan  thermocouples  and  a  Leeds  and 
Northrup  Type  K-3  potentiometer.  Pressures  up  to  a  little  more  than  1 
atm.  gauge  are  measured  with  a  mercury  manometer.  For  higher  pressures, 
a  Heise  bourdon  tube  pressure  gauge,  reading  to  0.2  psi  gauge,  is  used. 
Atmospheric  pressure  is  measured  with  a  Taylor  aneroid  barometer.  Gas 
f  low  is  measured  with  a  3rooks  Full-View  Rotameter. 

For  humidity  measurements,  two  instruments  are  used:  a  Moisture 
Monitor  from  Consolidated  Electrodynamics  Corporation  and  an  Electric 
Hygrometer  from  Hygrodynamics  Incorporated.  The  former,  which  indicates 
humility  in  parts  per  million  by  volume  at  25°C.  and  one  atmosphere,  works 
best  below  3,000  parts  per  million.  Hie  electric  hygrometer,  which  uses 
a  dew  point  sensor.  Indicates  relative  humidity  at  atmospheric  pressure 
and  rocn  temperature.  It  works  best  above  7%  relative  humidity. 

The  Psychrcmeter 

The  design  of  a  psychrcmeter  for  helium  presents  certain  problems 
that  are  not  of  great  importance  in  a  psychrcmeter  for  air,  Just  as  a 
psychrcmeter  for  pressure  operation  presents  preblems  not  present  in  a 
psychrcmeter  for  atmospheric  pressure.  Helium  is  expensive.  Its  density 
is  so  low  that  it  takes  several  times  the  quantity  of  helium  by  volunve  as 
of  air  to  obtain  sufficient  velocity  for  a  true  wet-bulb  temperature 
reading.  Thermal  conductivities  and  heat-transfer  coefficients  of  helium 
are  much  greater  than  those  of  air,  and  water  evaporates  into  helium 
much  faster  than  into  air-  All  of  these  factors  make  it  desirable  to 
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construct  a  psychraaeter  for  hellun  as  small  as  practicable. 

At  first,  a  psychraneter  was  constructed  using  3/8*'  o.d.  copper 
tubirg  and  fittings  and  a  wet-bulb  thermocouple  with  the  bead  covered  by 
a  cloth  wick  which  extended  into  a  well  filled  with  water.  The  results 
obtained  with  this  apparatus  using,  air,  nitrogen,  and  hellun  were  very 
Inconsistent  and  did  not  agree  with  results  obtained  with  apparatus  of 
larger  internal  diameter. 

After  many  experiments  it  was  found  that  the  original  apparatus 
had  several  faults:  (1)  the  diameter  of  the  wick  was  so  large  compared 
to  the  internal  cross  section  of  the  3/8"  tubing  that  the  free  cross 
sectional  area  was  not  great  enough  to  give  a  proper  flow  pattern;  (2) 
the  water  evaporated  so  rapidly  that  the  wick  could  nor.  be  kept  properly 
wetted;  (3)  the  pressure  tap  was  located  at  sane  distance  frem  the  wet- 
bulb  thermocouple,  and  it  was  not  certain  that  the  measured  pressure  was 
the  true  pressure  at  the  wet-bulb  thermocouple;  and  (*0  heat  conductivity 
along  the  thermocouple  resulted  In  a  wet-bulb  reading  that  was  higher  than 
the  true  wet-bulb  temperature. 

The  apparatus  shewn  in  Figure  7  eliminated  all  of  the  difficulties 
and  gave  reproducible  results  which  were  consistent  with  tnose  obtained 
in  other  apparatus. 

This  apparatus,  which  was  made  frem  5/8’’  o.d.,  approx.  7/16"  i.d. 
water  gauge  glass  (A  and  B)  and  fittings,  has  a  number  of  significant 
features:  Both  the  wet-  and  dry-bulb  thermocouples  (C  and  D)  are  made 
from  30-gauge,  fiberglass-covered,  copper-constantan  wire  and  are  mounted 
in  fine  glass  capillary  tubes  (E  and  F)  made  by  softening  and  drawing  out 
thin-walled  glass  tubing.  The  capillary  tubes  are  attached  to  the  brass 
fittings  with  epoxy  cement.  The  wet-bulb  thermocouple  is  covered  from 
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its  tip  to  the  bottom  of  the  gauge  glass  with  a  thin  sheet  of  cotton 
fibers;  and  the  total  diameter  of  the  unit  is  slightly  greater  than  one- 
tenth  of  an  inch.  The  wet-bulb  thermocouple  is  oassed  through  the  cotton 
fiber- covered  capillary  tube,  through  the  copper  tubing  ((?)  connecting 
the  two  sections  of  gauge  glass,  and  out  the  top  of  the  feed-water  gauge 
glass.  The  glass  capillary  tube  (F)  through  which  the  dry-bulb  thermo¬ 
couple  is  passed,  is  connected  directly  to  the  pressure-measuring  system. 
Thus,  the  measured  pressure  is  actually  the  pressure  at  the  tip  of  the 
dry-bulb  thermocouple. 

During  operation,  water  is  fed  to  the  system  continually  from 
reservoir  (K)  through  control  valve  (I)  into  gauge  glass  (A)  at  a  rate 
sufficient  to  maintain  a  level  that  gives  the  desired  flow  to  the  wet  bulb. 
The  water  flows  through  the  copper  tubing  (G)  and  capillary  tube  (F),  out 
of  the  top  of  the  capillary  tube,  and  down  the  outside  of  the  cotton 
fiber-covered  capillary.  The  rate  of  flew  is  controlled  so  that  the 
fibers  are  kept  covered  with  water  throughout  their  entire  length  but 
without  excess  water  dripping  off.  However,  it  was  found  that  there  cuulv' 
be  a  considerable  variation  in  water  flew  without  affecting  the  wet -bulb 
tenperature  reading. 

The  water  flowing  down  the  fiber-covered  surface  is  cooled  tv 
evaporation  as  the  gas  passes  over  it.  This,  in  turn,  cools  the  .'ater 
rising  through  the  capillary  tube.  As  a  result,  the  water  is  cooled  to 
practically  the  wet-bulb  temperature  before  it  reaches  the  thermocouple 
bead,  which  is  covered  at  all  times  by  a  thin  film  of  wate^.  further .  'ore , 
since  the  thermocouple  wire  and  glass  capillary  are  cooled  to  the  wet- 
bulb  tenperature  over  an  appreciable  length,  there  is  no  conduction  o* 
heat  away  from  the  thermocouple  bead. 
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VI.  VELOCITY  OF  GAS  OVER  THE  VET  BULB 


It  has  been  observed  (1,  3,  4 )  that  as  the  velocity  of  the  gas 
stream  Increases  the  temperature  of  the  wet  bulb  decreases  to  a  certain 
minimum  value  which  Is  Independent  of  further  Increase  In  velocity.  This 
constant  value  is  the  true  wet-bulb  temperature.  Therefore,  In  using  a 
wet-  and  dry-bulb  psychrcneter  it  is  essential  that  the  gas  velocity  be 
high  enough.  For  the  air-water  system  at  1-atm.  pressure,  the  accepted 
minimum  required  velocity  is  600  ft.  per  min. 

For  any  given  gas- liquid  system,  the  ninimun  required  linear  velo¬ 
city  decreases  with  pressure.  Brooks  and  Allen  (3)  reported  that  this 
minimum  velocity  varies  inversely  as  the  square  root  of  the  pressure,  but 
3rown  (A) ,  who  worked  over  a  much  greater  pressure  range  than  Brooks  and 
Allen,  found  that  the  minimum  required  linear  velocity  varied  inversely 
with  pressure  and,  therefore,  the  minimum  required  mass  velocity  remained 
constant.  For  the  air-water  system  he  found  the  value  to  be  2,800  lb./ 

(hr.  x  sq.ft.),  and  in  his  subsequent  experimental  work  he  used  a  mass 
velocity  of  3,000  lb. /(hr.  x  sq.ft.)  to  have  a  margin  of  safety. 

Harrison  (9)  and  Xusula  (10),  however,  claimed  that  Reynolds  num¬ 
ber,  DG/u,  is  the  true  parameter.  Nevertheless,  even  if  this  is  correct, 
for  a  given  system  the  diameter,  D,  is  constant  and  the  viscosity  of  the 
gas,  y,  is  essentially  independent  of  pressure  at  constant  temoerature. 
Therefore,  the  mass  velocity,  G,  like  Reynolds  number,  will  remain  constant 
as  the  pressure  is  varied.  Furthermore,  viscosities  of  gases  do  not  vary 
much  over  the  ordinary  range  of  atmospheric  temperature;  and  whether  a 
minimum  mass  velocity  or  a  minimum  Reynolds  number  is  maintained  is  irrmaterJ 
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In  the  present  Investigation  the  mintnun  mass  velocity  for  air  and 
for  hellun  was  found  to  be  approximately  3,509  lb. /(hr.  x  sq.ft.).  This 
corresponds  to  a  Reynolds  number  of  approximately  2,200;  and  this  minimun 
value  was  maintained  in  all  subsequent  work  with  hellun. 

It  is  interesting  to  note  that  the  minimum  Reynolds  nuhber  for 
accurate  wet-bulb  temperature  readings  corresponds  to  the  transition  frcn 
viscous  to  turbulent  flow.  Therefore,  it  seems  that  to  insure  an  accurate 
wet-bulb  temperature  reading  the  gas  flow  must  be  turbulent. 

In  the  case  of  helium,  a  mass  flew  rate  of  3,500  lb. /(hr.  x  sq.ft.) 
corresponds  to  a  linear  velocity  at  70°F.  and  1  atm.  of 

70),  ,  5;636 

(60)(H.003)('I92) 

or 

,  6«  ndles/hr. 

5,280 

This  extremely  high  velocity  emphasizes  one  of  the  great  diffi¬ 
culties  in  obtaining  accurate  wet-bulb  temperatures  with  helium. 
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VII.  FESULTS 


Table  1  Is  a  sinmary  of  results  obtained  with  heliun  using  the 
apparatus  as  finally  developed.  Actually,  a  few  hundred  other  measure¬ 
ments  were  made  and  many  of  the  calculated  values  of  K  agreed  very  closely 
with  those  in  Table  1,  but  these  results  are  not  shewn  because  of  doubt  as 
to  their  accuracy. 

The  percentage  figures  in  the  last  colum  are  overall  maximum 
errors  that  would  result  frern  maximum  errors  or  uncertainties  In  all 
measurements,  assuming  that  they  all  acted  in  the  same  direction. 

Ihe  arithmetic  average  of  the  23  values  of  K  is  0.47G.  Other 
average  values  are  as  follows: 

14  runs  with  wet  gas,  X  =  0.476 
9  runs  with  dry  gas,  K  =  0.460 
7  runs  using  Electric  Hygrometer,  K  *  0.484 
7  runs  using  Moisture  Monitor,  K  =  0.467 

With  a  value  of  K  =  0.470,  the  psychrcmetric  equation  for  the 
helium-water  system  is: 


pw  ' 


0.470  P(t  -t  ) 
_ 

1093.8  -  0.576t 

w 


(25) 
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Table  1 


t 


Surmaiy  of  Data  and  Results 
of  Determination  of  Psychrometric  Constant 


Pressure,  " 

Kg 

Temperature, 

°P. 

Relative 
hunidity,  % 

Hygro- 

- 

K 

Range 

gauge, 

pb 

total 

P 

wet 

bulb 

‘w 

at 

Hygro¬ 

meter 

tn 

at 

Pa 

at 

P 

meter 

used* 

1 

51.31 

30.16 

81.47 

82.20 

”1.86 

87.0 

37.5 

11.90 

EH 

0.464 

1  16? 

2 

51.31 

30.16 

81.47 

82.20 

71.86 

87.0 

36.8 

11.90 

NM 

0.474 

*  12S 

3 

51.31 

30.16 

81.87 

82.40 

72.01 

87.0 

37.3 

11.85 

EH 

0.464 

1  1755 

4 

51.31 

30.16 

81.87 

82.40 

72.01 

87.0 

37.4 

11.85 

NM 

0.462 

*  14? 

5 

51.36 

30.16 

81.87 

82.66 

72.03 

87.0 

36.2 

11.60 

EH 

0.465 

*  l£% 

6 

51.36 

30.16 

81.87 

82.66 

72.03 

87.0 

37.1 

11.60 

Wl 

0.453 

*  13? 

7 

48.86 

30.16 

79.02 

82.82 

71.99 

87.0 

35.6 

11.90 

EH 

0.476 

*  15? 

8 

48.86 

30.16 

79.02 

82.82 

71.99 

87.0 

3613 

11.90 

MM 

0.467 

*  12? 

9 

89.58 

30.41 

119.99 

79.16 

71.24 

82.5 

31.2 

7.10 

EH 

0.506 

*  16? 

10 

89.58 

30.41 

119.99 

79.16 

71.24 

82.5 

31.9 

7.10 

MM 

0.499 

*  5? 

11 

91.21 

30.41 

121.62 

79.38 

71.57 

83.0 

31.9 

7.10 

EH 

0.507 

*  17? 

12 

91.21 

30.41 

121.62 

79-38 

71.57 

83.0 

35.4 

7.10 

NM 

0.468 

i  6? 

13 

91.21 

30.41 

121.62 

79.62 

71.76 

83.0 

31.7 

7.10 

EH 

0.508 

*  16? 

14 

91.21 

30.41 

121.62 

79.62 

71.76 

83.0 

7.10 

m 

0.499 

*  6? 

15 

52.53 

30.14 

82.67 

82.84 

65.30 

*  — 

0 

— 

0.458 

*0.8? 

16 

51.92 

30.14 

82.06 

83.19 

65.37 

— 

0 

— 

0.455 

*0.8? 

17 

51.51 

30.14 

81.  C5 

83.59 

65.57 

— 

0 

— 

0.456 

*0.8? 

18 

89.58 

30.41 

119-99 

80.00 

67.22 

— 

0 

0 

— 

0.463 

*0.8? 

19 

91.21 

30.41 

121.62 

80.26 

67.42 

— 

0 

— 

0.457 

*0.8? 

20 

91.62 

30.41 

122.0., 

80.37 

67.61 

— 

— 

0.461 

*0.8? 

21 

91.62 

30.41 

122.03 

80.37 

67.61 

— 

0 

— 

0.461 

OO 

O 

44 

22 

210.32 

30.41 

240.73 

80.34 

72.65 

— 

— 

0.460 

*0.8? 

23 

162.07 

30.41 

192.48 

80.03 

71.12 

— 

— 

0.472 

*0.8? 

*  EH  *  Electric  Hygrometer;  MM  =  Moisture  Monitor. 
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VIII.  ANALYSIS  OP  ERRORS 


In  order  to  calculate  the  probable  accuracy  of  the  final  result, 
it  was  first  necessary  to  estimate  the  maximum  error  in  each  measurement. 
In  the  case  of  instruments,  this  was  based  on  manufacturers*  statements. 
The  maximum  errors  in  measurements  are: 

Temperature : 

1.  t  (wet-bulb  temperature) .  *0.02°F. 

w 

2.  t  (dry-bulb  temperature) ,  *0:02°F. 

8 

3.  t  (temperature  at  which  humidity  is  measured,  *0.05°F. 

St 

Pressure: 

1.  Pb  (bourdon  gauge  pressure),  *0.2  psi  *  *0.4'*  Hg 

2.  P  (atmospheric  pressure).  *0.0^"  Hg 

cl 

Humidity : 

1.  Using  Electric  Hygrometer,  *1.5%  EH  (relative  humidity) 

2.  Using  Moisture  Monitor: 

a.  Below  3,000  ppm.,  *150  ppm.  (parts  per  million  by 
volune) 

b.  Above  3,000  ppm.,  *500  ppm. 

The  maximum  error  in  p  (partial  pressure  of  water  vapor  in  gas 
saturated  at  tw  *  vapor  pressure  of  water  at  t  )  depends  upon  the  maxi¬ 
mum  error  in  t  . 

w 

The  maximum  error  in  p  (partial  pressure  of  water  vapor  in  the 

6 

gas  stream)  depends  upon  the  accuracy  of  the  measurements  of  t  ,  PK,  P0, 

o  0  a 

and  RH  or  ppm.,  for 


psat. 


RH 

TOTT 


(26) 


28 


where 
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psat . =  1-2931"  «* 

p  =  ( 0 . 1190 )  --2-9-3-1  ' (-5-1 -3-  +  Jfl -.I'LL  =  0.41567"  Hg 

g  (30.16) 

and 

K  =  (n- 78726  -  0.41567)  1093-8  -  0,576(71.86)  ,  Q  lt6H 
(51.31  +  30.16)(82.20  -  71.86) 

If  the  errors  are  such  as  to  give  a  maximum  value  of  K,  the  errors 

in  t  and  P  are  positive  and  the  errors  in  t  ,  t  ,  RH,  and  P.  are  negative, 
w  a  y  g’  a  ’  b 

Therefore: 

tw  =  71. 88°F. 

t  =  82.18°F. 

g 

t  =  86.95°F. 

a 

Pb  =  50.91"  Hg 

P  =  30.20"  Hg 
3. 

RH  =  10.-4% 
pw  *  0.78779"  Hg 
Psat  -  1.2911"  Hg 

p  =  <5 iiPDil- 2? 11K50..91  +  .30 . 20).  =  0.36063"Hg 

30.20 

Assuming  errors  for  the  latent  heat  term  and  substituting  the 

appropriate  values  in  Equation  28  gives 

K  =  _(0 -.78779 0 . .3606 3 ) J 1993 . 8 +  _0.05)_  -  (0.576  -  0.0005X71.88) 

(50.91  +  30.20)(82.l8  -  71* 88) 

-  0.538 

For  a  minimum  value  of  K ,  the  errors  in  t  and  P  are  negative , 

w  a 

and  the  errors  in  t  ,  ta,  RH,  and  ?b  are  posit! /e. 

Under  these  condition'5 : 

t  =  71. 84°F. 

w 
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t  «  82.22°r. 
g 

t  -  87.05°?. 

fi 

Pb  »  51.71"  1*5 

P  -  30.12"  Hg 
a 

RH  *  13.  V 
pw  -  0.78673"Hg 

Psat.=  i*2952"  * 

p  =  (0.13^)(1.2952)(51.71  +  30.12)  =  0.117152"  Hg 

g  30.12 

and 

K  «  (0-78673  -  0.^7152)  ft  1093. 8  -  0,05)  -  (0.576  +  0. 0005X71. 8iQ~| 

(51-71  +  30. 12) (82.22  -  71.8^) 

-  0.391 

Ihe  maximum  value  of  K  based  on  maxlmun  errors  Is  (0. 538  -  O.I16IJ)  x 
( 100 )/( 0.11611)  *  16?  higher  than  the  value  based  on  no  assumed  errors;  and 
the  minimum  value  is  (O.I16I1  -  0.39D(i00)/(C.iJ6il)  =  16?  lower. 

It  is  evident  that  the  greatest  error  is  in  the  humidity  measure¬ 
ment  ,  but  to  get  a  better  picture  of  the  relative  Importance  of  the  numerous 
errors  or  uncertainties,  values  of  K  were  calculated  assuming  only  one  error 
at  a  time. 

(1)  with  t  =  71.86  +  0.02  -  71. R8°P 

w 

K  =  (0.78779  -  0.41567) fl093. 3  -  0.57^(71.88)1  =  Q  m 
(51-31  +  30.I6H82.20  -  71.88) 

(2)  with  t  *  82.20  +  0.02  =  8?.22°F 

K  =  (0-73726  -  0.41567) fl093. 8  -  0.576(71.86)1^  Q  ^ 

(51.31  +  30 . 16) ( 82 . 22  -  71.p6) 

(3)  with  t  *  37.0  +  0.05  =  87. 05°?’ 

a 
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.  (0.1190) (1.2952) (51. 31  +  30.16)  =  0>i,l63i|!I  Hg 

g  (30.16) 

K,  (0/73726  -  Q.4l634)fcoQ3.8  -  0.576(71.96j)  _  Q 
(51.31  +  30.l6K82.20  -  71.86) 

(4)  with  Pb  *  51.31  +  0.4  =  51.71”  Hg 

p  *  ( 0.1190)  LU 30* *2§1  =  0.41771”  Hg 

g  (30.16) 

K  *  (0.78726  -  0.41771)  T1093. 8  -  0.576(71.86 j  ,  0>1|5g 
(51.71  +  30. 16) (82. 20  -  71.86) 


(5)  with  =  30.16  +  0.04  =  30.20”  Hg 

at 


g 


=  (0.1190)  3^,20).  . 


(30.20) 


Hg 


K 


,  (0.78726  ^  0,41532)  fl093. 8  -  0.576(71.86)?  = 


0.464 


(51.31  +  30.20K82.20  -  71.86) 

(6)  with  RH  =  11.90  +  1.5  -  13.40? 


P  * 
*g 


K 


(0.1340)  Jl.j^lK5L.31_tJ0.j6).  .  0>1<6806„ 

(30.16) 

(0.78726  -  0.46806) H093. 8  -  0.576(71.863 
(51.31  +  30. 16) (82. 20  -  71.86) 


Hg 


0.399 


Fran  these  calculations  it  can  be  seen  that  the  effect  of  the 

uncertainty  in  each  of  the  variables  for  Run  No.  1  is:  t  ,  0.4?;  t  ,  0.2? 

w  g 

t  ,  0.2?;  P.  ,  1.1?;  P  .  0;  RH,  14.0?. 

a  u  a 

As  was  pointed  out  earlier,  the  last  colunn  of  Table  1  shews  the 
maximum  er^or  or  uncertainty  in  the  various  runs  based  upon  maximum 
assumed  errors .  Since  the  largest  error  is  in  the  humidity  measurement , 
the  runs  with  dry  gas,  obviously,  show  very  little  calculated  error. 

Ne vert ne less ,  the  actual  error  might  be  somewhat  greater  than  indicated 
because  of  a  possibility  that  the  gas  picked  up  seme  adsorbed  water  from 
the  walls  of  the  equipnent.  The  hunidity-measuring  devices  were  not 
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sufficiently  accurate  to  measure  this .  and  an  estimate  would  be  neaning- 
less.  Therefore  no  attempt  was  ma.de  to  account  for  it  in  the  error 
analysis. 

Although  Table  1  shows  the  maximum  errors  that  night  result  unde** 
the  most  unfavorable  conditions.  Table  2  shows  that  the  actual  variations 
from  the  average  are  much  smaller,  as  would  be  expected  since  the  error 
in  any  measurement  is  not  likely  to  be  the  maximum  and  the  probability  is 
that  sane  errors  would  cancel  others. 

The  average  deviation  from  the  value  of  K  =  0.1*70  is  °.017.  as 
shown  in  Table  2.  The  standard  deviation  is  sene what  higher  as  a  result 
of  the  effect  of  the  few  points  with  high  deviations. 

The  standard  deviation  s(X),  is: 


where  N  =■  number  of  points. 

Substituting  the  appropriate  values 

s(K)  = 

Therefore,  the  psychrometrlc  constant  for  helium  is  K  =  0.^7^  t  o.oiR. 


33 


Tiable  2 


Deviations  of  Psychrcmetrlc  Constants  from  Average 
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IX.  p<ryct.*onr’^T'T^  r^pxrrr 


’.-.■here  there  is  considerable  need  for  psychrcnetric  data.  charts 
have  the  advantage  over  equations  for  they  are  easier  to  use  -»nd  save  a 
great  deal  of  tire,  since  the  reason  for  measuring  wet-  and  dry  -bulb 
temperatures  is  to  determine  the  amount  of  water  vaoor  In  a  gas.  the 


ccrmon  type  of  chart  shews  relative  humidities  and  absolute  humidities 
(either  lb.  water  vapor/lb .  dry  gas.  or  moles  water  vapor/nole  dr1'  gas) 
as  functions  of  wet-  and  dry-bulb  temperatures .  For  such  a  chart,  he.", •ever . 
the  oressure  must  be  held  constant.  Therefore,  a  separate  chart  must  be 
prepared  Tz.  each  desired  pressure.  The  charts  are  not  difficult  to  pre¬ 
pare.  but  their  preparation  can  be  very  tire  consuming. 

The  partial  pressure  of  the  water  vapor  in  the  gas  can  be  calcu¬ 
lated  fran  Equation  25 

0.i)70P(t  -t  ) 

•  c*  w 

pw  -  pg  =  1093. «0  -  0. 576t 

w 

and  the  hunidity  can  be  calculated  from  the  partial  pressure  using  Equa¬ 
tion  12,  which,  for  the  helium-water  system,  becomes 


H 


18.016 

Kj 

‘Oil’ 

4.501 


(31) 


To  simplify  the  preparation  of  charts  a  computer  program  was 
developed  for  the  I.B.M.  360  and  1620  systems.  This  urogram  is  shown  in 
the  Appendix.  Figures  8-12  are  psvchrometric  charts  for  the  helium-water 
system  for  pressures  of  1  atm.  (0  ft.  sea  water),  4  atm.  (aporox.  on  ft. 
seawater),  7  atm.  (approx.  180  ft.  sea  water).  10  atm.  (approx.  270  ft. 
seawater),  and  21  atm.  (approx.  600  ft.  sea  water).  These  charts  were 
prepared  by  computer. 
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Pig.  e 

PSYCHRQHETRIC  CHART 


DRY  BULB  TEMPERATURE 


Pig.  10 

PSYCHROMETRIC  CHART 

HCLIUfl  -  UflTCR  SYSTEH 


PSYCHROMETRIC  CHART 


KUfilOITY 


LB.  WPTCK 
LB.  DRY  HCLIUn 


1 


YCHROMETRIC  CHART 

KELIUP  -  USTCR  SY5TEH 


MIIMTHTTY _ tB.  UBIfR _  in3 

HUMIDITY  -ip.  0Ry  mEUU„  x  1£H 


U3^0JOO)U>*“C\JOODU>4“{UO 
CU  CNJ  CVi  CVJ  M  *-%  ri  H 


NOMENCLATURE 


A  *  area,  sq.ft, 

atm.  *  atmosphere 

D  *  diameter 

DG/u  =  Reynolds  nunber 

EH  ■  Electric  Hygrcmeter 

°P.  =  degrees  Fahrenheit 

G  =  lb.  dry  air/hr. 

h  =  heat-transfer  coefficient,  B.t.u./(hr.  x  sa.ft.  x  °F.) 

P,  =  initial  humidity  of  the  air,  lb.  water  vapor/lb.  dry  air 

=  final  humidity  of  the  air,  lb.  water  vapor/lb.  dry  air 
H  *  humidity  of  the  gas  stream,  lb.  vapor/lb.  vapor- free  gas 

s 

H  =  humidity  of  saturated  air  at  adiabatic  saturation  temoerature 

S 

Hw  =  humidity  of  gas  saturated  at  the  wet-bulb  temperature,  lb.  vapor/ 
lb.  vapor- free  gas 

hr.  =  hour 

k  *  mass-transfer  coefficient,  lb.-moles/(hr.  x  so. ft.  x  unit  mole 

fraction  difference) 

K  =  psychrometric  constant 

K-  =  average  value  of  the  psychrcmetric  constant  K 

K’  -  psychrcmetric  constant  in  simplified  eauation 

min.  *  minute 

MM  =  Moisture  Monitor 

N  *  number  of  points 


Nye  a  rate  of  water  evaporation,  lb. -moles/hr, 
P  *  total  pressure 


o 

■  a. 
P 

a 


D 


'  z 


n 


s 


ppm. 

0/0 

RH 

s(K) 


sq.ft. 

t 

a 


'gl 

:g2 


w 


B 


X 


s 


X 


w 


=  partial  pressure  of  water  vapor  In  gas  measured  at  t  and  D 

a  a 

=  atmospheric  pressure 
=  bourdon  gauge  pres  . 

=  partial  pressure  of  water  vaoor  in  the  gas  stream 

=  partial  pressure  of  vapor  in  saturated  vapor-mas  mixture  at 
the  drv-bulb  temperature.  (This  is  eoual  to  the  vapor  pressure 

of  the  liquid  at  t^.) 

'■> 

=  vapor  pressure  of  v;ater  at  tft 

=  partial  pressure  of  water  vanor  in  gas  saturated  at  the  wet- 
bulb  temperature.  (This  is  equal  to  the  vanor  pressure  or  water 
at  the  wet-bulb  temperature.) 


=  parts  per  mini'"'  by  volume 
=  heat  transferred^  B.t.u./hr. 

=  relative  humidity,  % 

-  standard  deviation  of  K 
=  square  feet 

=  temperature  at  which  hunidity  is  measured,  °F. 

=  drv-bulb  temperature  ( temperature  of  the  gas).  °P. 

=  initial  temperature  of  the  air.  °P. 

=  final  temperature  of  the  al".  °f. 

=  adiabatic  saturation  temperature,  °F. 

=  wet-bulb  temperature.  °F. 

=  mole  fraction  of  water  vapor  in  the  gas  stream 

-■  mole  fraction  of  water  vapor  in  saturated  gas  at  the  wet -bulb 
temperature 


=  latent  heat  of  vaporisation  o^  water  at  the  adiabatic  satura¬ 
tion  temperature.  B.t.u./lb. 

=  latent  heat  of  vaporisation  of  water  at  the  wet-bulb  temnerature 


B.t.u,/lb. 


lip 


V 


viscosity 


pv.nvpv/  ICES 


Arnold  .  .T.H. ,  "The  Theor/  of  the  Rsvchrometer" .  Physics  *J.  pp.  255 
and  ?3ii  f  1933) . 

Lindon.  H.H. .  "A  Critical  Review  of  Tables  and  Charts  Used  In 
Psychrometrv" -  Huriiditvjand^  Moisture ,  Wexler.  A.,  ed. ,  Vol.  1. 

o.  3,  Peinhold  Publishing  "Corp.’.  Mew  York  (1065). 

Brooks.  D.B. ,  and  Allen,  H.H. ,  "Some  Improvements  in  Psvchrometry" , 
Journal  of  the  '-'ashln^Pon  Academy  of  Science.  23.  op.  121-13*1 
('"'arch  157  1033).' 

Brown,  C.F.. ,  "Effect  of  Pressure  on  the  Vet-Bulb  Temperature  o^ 
Air-V.'ater  Vapor  fixtures",  Master’s  Thesis  Department  of  Chemical 
Engineering.  University  of  New  Hampshire  (196*4). 

Ferrel,  V. ,  'Report  on  psychrometric  Tables  for  Use  in  the  Signal 
Service"  Annual  Report  of  the  Chief  Siapal  Officer.  1886.  Appen¬ 
dix,  2*1,  pp.  233-250,  Washington..  D.C.  (1886). 

Ferrel ,  W. ,  "Recent  Advances  in  heterology"  Annual  Report  of  the 
Chief  Signal  Officer.  1885,  Part  TI,  Appendix  71,  pp.  380-301. 
Washington,  D.C.  (1886). 

Greenspan,  L.  "A  Pneumatic  Bridge  Hygrometer  for  Use  as  a  Working 
Humidity  Standard",  Hj^idl  t^/__and  ^oisture ,  Vexler  A.,  ed. .  Vol.  3. 

p.  *133,  Reinhold  Publishing  "Corp’.V  New  York  (1965). 

Hartley,  J.L. ,  et  al. ,  "Dev;  Point  Apparatus  of  High  Accuracy". 
Humidity^ and  Moisture ,  Wexler.  A.,  ed.  Vol.  1.  p.  205.  Peinhold 
Publishing  "Corp . *  "Flew  Y ork  (1965). 

Harrison,  L.P. .  "Some  Fundamental  Considerations  regarding  Psy- 
chronetry" ,  Humidity  and  Moisture.  Wexler.  A.,  ed. .  Vol.  3-  P-  71. 
Reinhold  Publishing  Corp. ,  New  York  (1965). 

Kusuda,  T. ,  "Calculations  of  the  Temperature  of  a  Flat  plate  Wet 
Surface  under  Adiabatic  Conditions  with  pesr>ect  to  the  Lewis 
Relation",  Humidity  and  Moisture.  Wexler,  A.,  ed. .  Vol.  1,  d.  16, 
Reinhold  Publishing  Corp.,  Mew  York  (1965). 

List,  R.H. .  ed. ,  Smithsonian  Meteorological  Tables.  Sixth  Revised 
Edition ,  Smithsonian  "institution .  Washington .  D.C.  ( 1°5°) . 

Martin,  S. ,  "A  Laboratory  Standard  Manually  Operated  Dew-Point 
Hygrometer  using  Thermoelectric  Cooling".  t y^_and_^loi£t ure . 

Wexler,  A.,  ed. .  Vol.  1.  n.  1**°.  Reinhold  Publishing  Corb. .  New 
York  (1965). 


*(U 


13. 


Monteith.  J.L. ,  ''Error  and  Accuracy  In  Thermocouple  Psychrometry" , 
Proceedings  of  the  Physical  Society,  London  Vol.  67,  7-R,  p.  217, 
(March  T95V)\ . . 

14.  Wentzel,  J.D. ,  "An  Instrument  for  the  Measurement  of  the  Hunidity 
of  Air",  ASHRAE  Journal ,  3,  p-  67  (November  1961). 

15.  Wexler,  A.,  et  al. ,  "The  NBS  Standard  Hygnmetry" .  Humidity  and 
Moisture,  Wexler,  A.,  ed. ,  Vol.  3,  pp.  3o9,  539-656 ,Reinh6I<r 
Publishing  Corp. ,  New  York  (1965). 

L6.  Wylie,  R.H. ,  et  al. ,  "The  Basic  Process  of  the  Dew-Point  Hygro¬ 
meter",  Hunidity  and  Moisture.  Wexler,  A.,  ed. ,  Vol.  1,  p.  125, 
Reinhold  Publishing  Corp. ,  New  York  (1965). 

17.  Zinmennan,  O.T. ,  and  Lavine,  I.  ,  "Psychrcmetrlc  Tables  and  Charts". 
2nd  edition.  Industrial  Pesearch  Service  Inc..  Dover.  N.H.  (Ib64). 


•15 


APPENDIX 


i 


H6 


1 


//CON } XX  JOB  T234, ‘ROBERT  C  RAMSEY 
//STEP  1  EXEC  PLOTECLG 
//FORT. SYS  IN  OD  * 

C  PROGRAM  TO  PLOT  PSYCHROME TR I C  CHARTS  FOR  VARIOUS  LIQUID-GAS  SYSTEI- 

C  DRY  BULB  TEMP  RANGE  RESTRICTED  TO  30  TO  120  DEG.  F 

C  YMIN  =  MINIMUM  HUMIDITY  PLOTTED  {USUALLY  0.000? 

C  YMAX  =  MAXIMUM  HUMIDITY  VALUE  TO  BE  PLOTTED 

C  (YMAX- YMIN) *1000  MUST  BE  DIVISIBLE  BY  40 

C  YL  =  REQUIRED  PHYSICAL  LENGTH  OF  Y  AXIS  INCHFS 

C  YD  =  Y  INCREMENT  (HERE  =  TO  YMAx ) 

C  P  =  TOTAL  PRESSURE  INCHES  HG 

C  CON  =  APPROPRIATE  PSYCHROME TR 1 C  CONSTANT 

DIMENSION  PRES (120) 

COMMON  PRES. PS 

READ  (1,1)  (PRES(L) ,L=1 , 120 ) 

1  FORMAT  (10F8.5) 

36  READ ( 1 , 35) YMIN, YMAX, YL, YD, P, CON 
3D  FORMAT  ( 8F 1 0 . 0 ) 

IC  =  201 
I CC=90 

UN  I T  = ( YMAX- YM IN ) /40. 

IF(P-O.O)  2,37.2 

2  CAlL  PI  0T(  IC.30'.  ,  12C.  ,9.  ,90.  .YMIN.YMAX.YL.yD  ) 

C  LABEL  T  SCALE 

Y=  YM I N- 1  . *  UN  I T 
CALL  «LOT( ICC, 29.0, Y) 

WR I TE  <  4 , 3 ) 

CALL  CHAR ( 0  » 1,0) 

3  FORMAT ( *30  40  50  60  70 

l  90  100  110  l 20 •  , 1 OOX  ) 

X  =  30. 

Y= YMIN— 0*2* UN  I T 

DO  70  L=1 , 1 0 

CALL  PLOT  < ICC. X, YMIN) 

CALL  PLOT  (  I  CC  ,  X  ,  Y  ) 

CALL  PLOT  (99) 

X=X+ 10. 

70  CONTINUE 
C  LABEL.  HU  SCALE 

HU- YM i N 
IHU= YMIN 
0L=YMAx/40. 

I  DL~DL  1  000 .01 
DO  4  J= 1 ,21 

CALL  PLOT ( ICC . 121 . ,HU) 

WRITE (4, 5)  1  Hu 

CALL  CHAR ( 0 , 1.0) 

5  FORMAT ( 13, 100X) 

CALL  PLOT (99) 

!HU=  I  HU +  .?••<  IOL 

4  HU=HJ+2 .*UN I T 

C  LABEL  HU  AXIS 

Y= CMIN+14.*UN!T 
CALL  PLCT( ICC, 128  ,Y) 


iJ7 


WRITE  (4,6) 

CALL  CHAR (0. 1.1) 

6  FORMAT! 'HUMIDITY* , 1 OOX) 

Y  =  YMI N  +  20 • *UN I T 

CALL  PLOT ( ICC, 127. 5, Y) 

Y=  YMI N+30 • *UN ! T 

CALL  PLOT ( ICC, 127.5, Y) 

CALL  PLOT (95) 

Y= YMI N+22 .*UN 1 T 
CALL  PLOT( ICC, 127. ,Y) 

WRITE  (4,7) 

CALL  CHAR { 0 • 1.1) 

7  FORMAT! *L8.  WATER*, 100X) 

Y=YMIN+20.5*UNIT 

CALL  PLOT ( ICC, 129. , Y) 

WR  I  TE  (  4 , 6  ) 

CALL  CHAR( o.  1.1) 

6  FORMAT  ( *  LB .  DRY  HEL 1 UM • , 1 OOX  ) 

Y~ YMI N+30 • 5*UN I T 
CALL  DLOT ( 1 CC , 1 23 • , Y ) 

WR I TE (  4,60) 

CALL  CHAR ( 0 •  1.1) 

60  FORMAT! *X  lO'.lOOX) 

Y  =  YM I N+32  c  6*UN I T 

CALL  PLOT ( ICC . 127.5, Y) 

T*fRITE(4,61  ) 

CALL  CHAR ( 0  «  1.1) 

61  FORMAT (  *  3  •  , 1 OOX ) 

LABEL  T  AXIS 
y-ymin~2,*un:t 

call  PLOT{ ICC, 63. ,  Y) 

WRITE  (4,9) 

CALL  CM/ R(0. I .0) 

9  FORMAT  ('DRY  BULB  TEMPERATURE  -  2F*,100X) 
CAL.L  PLOT  (99) 

PLOT  RH  L INES 
DO  12  L=1 . 10 
CENT=L/10. 

DO  10  K-20,120 

HU-4 . 50 06* CENT'S  PRES  (  K  )  /( P-CEMT*PRES  (  K  )  ) 

I  F  (  h'U-YMA  X  )  42,42,11 

42  TKr.K 

CALL  PLOT( ICC,TK,HU) 

10  CONTINUE 
1  1  CALL  PLOT (99) 

12  CONTINUE 

LABEL  RH  LINES 
MRH=.lO 

Y-  YM I  NT  4 , 5*  UN  I T 
DO  71  M- l ,9 
AT- P/29. 92 1 
XA=98.  +AT 

CALL  PLOT (  ICC  ,XA  , Y) 

WRITE (4, 72)  MRH 


CALL  CHAR ( 0 • 1.0) 

72  FORMAT { 13, • • • , 100X) 

MRH=MRH4 10 

IF(M— 5)  74,73,74 

73  Y=Y+3.5*UN!T 
GO  TO  71 

74  Y-Y+4.*UN!T 
71  CONTINUE 

Y*  YM IN+39*  *UN 1 T 
X=XA-5* 

CALL  PLOT ( ICC.X  ,Y) 

WRITE (4, 75) 

CALL  CHARIO. 1,0) 

75  FORMAT ( «100‘  R«H«»,100X) 

call  plot (99) 

C  PLOT  VERTICAL  GRID 

DO  13  M=30 , 1 20 
TM-M 

HU=4.5006*PR£S (M ) / (P-PRES ( M ) ) 
IF(HU-YMAX)  41,40,40 

40  HU= YMAX 

41  CALL  PLOT  ( I CC , TM , 0 . 000 ) 

CALL  PLOT ( ICC.TM.HU) 

CALL  PLOT (99) 

13  CONTINUE 

CALL  PLOT ( ICC, 30. ,YMlN ; 

CALL  PLOT ( ! CC , 30 ■, , YMAx ) 

CALL  PLOT (99) 

:  PLOT  HORIZONTAL  GRID 

HU=0*  000 
DO  14  N= I ,40 
PS=MU*P/ (HU+4 .5006 ; 

IF ( PS-PRES C 60 ) )  43,15,15 

43  IF (PS-PRES ( 30 ) )  44,16,16 

44  DO  17  M3- 1,29 

I F ( PS— PRES ( M3 ) )  17,45,45 

45  I F ( PS— PRES ( M3+ 1 ) )  18,17,17 

17  CONTINUE 

18  CALL  FIG(M3,TW) 

GO  TO  30 

16  DO  19  M2 =30, 5 9 

IF < PS-PRES ( M2  )  )  19,46,46 

46  I F ( P5 -PRES ( M2 + 1 ) )  20,19,19 

19  CONTINUC 

20  CALL  F 1 G ( M2 , T w ) 

GO  TO  30 

15  IF (PS-PRES ( 90 ) )  47,21,21 

47  DO  22  M  4  -  6  0  ,  Q  9 

IF  (  PS-PREf, '  M4  ))  22,48,48 

48  »F  (  PS-PRE'S  (  M**  +  1  )  )  23,22,22 

22  CONTINUE 

23  CALL  FIG'Mq.TW) 

GO  TO  30 

21  DO  24  Ml -90 ,119 
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IP  (PS  --PRE  S(Ml)  )  24.49,49 

49  IF(PS-PRES(f-',!  +  l)  )  25,24,24 

24  CONI  !  iNIL'E 

25  CALL  r IG  (Ml ,TW> 

GO  TO  30 

30  IP  (TV/*  30.0)  50,55,55 

50  TW=30«0 

55  CALL  PLOT  (  I CC ,  1 20 .  , HU ) 

CALL  PLOT  (  ICC, TV), HU) 

CALL  PLOT (99) 

HU  =  HU-<UNIT 
14  CONTINUE 

CALL  PLOT  (  ICC,  120, ,YMAX) 

CALL  PLOT  ( ICC, 30, ,YMAX) 

CALL  PLOT (99) 

C  PLOT  WB  LINES 

WRITE  (3,30) 

38  FORMAT  ( 20X , « PLOTT 1 NG  WET  BULB  LINES  *  *  *  *»,2X) 

KOUNT  =  -2 
DO  26  NTW-30, 120,2 
KOUNT  =  KO'JNT  +  2 

28  T W  =  NTW 

HU=4 . 5006»PRES ( NTW ) / ( P-PRES ( NTW ) > 

I F ( HU— YMAx  )  53,53,52 

52  HU=YMAX 

53  MUU--HU 

CALL  PLOT  (  ICC, Tv;, HU) 

DO  29  JJ=1 ,41 
IF(HU-O.OO)  31,62,62 
62  PSD=HU*P/(HU+4.5006) 

TDB=TW+ ( 1 093 . 0-0 , 576*TW ) * ( PRES ( NTW ) -PSD ) /( CON  *P ) 

IF ( TDB- 220, )  54,31,31 

54  CALL  PLOT  (ICC, TDB, HU) 

NU=HU-UN i T 

29  CONTINUE 

31  CALL  PLOT (99) 

I I=NTW 

IF (11-90)  76,76,26 

76  I F ( KOUNT- 1 0 )  26.27,26 

26  CONTINUE 

C  WRITE  WET  BUl-B  TEMP  ZF 

Y=YMJN4 15.3&UNIT 
CALL  PLOT  (  ICC  ,60. 7, Y) 

WRITE  (4,77) 

CALL  CHAR ( 0  «  1  *0) 

77  FORMAT (* WET* , 100x> 

Y=YMIN+17.3*UNIT 

CALL  PLOT ( ICC, 64,7, Y) 

WR I TE ( 4 , 78 ) 

CALL  CHAR. 0  1.0) 

78  FCRMA’"  (  »3ULi3  •  ,  1  OCX  ) 

Y= YMIN4 18#  5 -UN  1 T 
CALL.  PLOT  (  I  CC  ,  70  »  4  ,  Y  ) 

WRITE (4, 79) 
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CALL  CMAR{0.  1.0) 

79  FORMAT ( *  TEMP •  '  *  1 OOX ) 

Y=YMIN-*20.*UNIT 

CALL  PLOT ( 1 CC »74.7«Y) 

WRITE  (4,80) 

CALL  CHAR (0.1.0) 

BO  FORMAT  < *ZF* . IOOX) 

CALL  PLOT  (99) 

C  WRITE  NAME  PLATE 

Y=YM!N+24.5*UNIT 
CALL  PLOT ( ICC ,31 .5, Y) 

CALL  PLOT( ICC, 80.5. Y) 

Y=YMIN+36.*UNIT 
CALL  PLOT( ICC, 80.5, Y) 

CALL  PLOT ( JCC.31.5.Y) 

Y=YMIN+24.5*UNIT 
CALL  PLOT( ICC, 31.5, Y) 

CALL  PLOT (99) 

Y=YMIN+2'-.5*UNlT 
CALL  PLOT( ICC ,38.5, Y) 

WRITE (4, 81 ) 

CALL  CHAR (0.1,0) 

81  FORMAT ( 'SLOPED  LINES  =  WET  BULB  TEMP.  LINES*, IOOX) 
Y=YMIN+27.5*UNIT 

CALL  PLOT! ICC, 41. 5, Y) 

WRITE(4,G2) 

CALL  CHAR ( 0 . 1,0) 

82  FORMAT!  •*  LINES  «  RELATIVE  HUM 1 D 1 TY •  ,  1  OOX ) 
IAT=P/29,9205 

IFT=( I  AT- l ) *30 
Y=YMIN-i-20.5*UNIT 
CALL  PLOT ( I CC , 4 1 « , Y ) 

WRITE (4, 83)  I  FT 
Cr.LL  CHAR  (0.1,0) 

83  FORMAT! f APPROXIMATELY  *,I3,*  FT.  SEAWATER *,! OOX ) 

Y=  YMIN+29 . 5-s-UNI  T 

CALL  Pt  0Y( I CC ,39. , Y ) 

WRITE  (4,84)  I  AT 
CALL  CHAR ( 0 • 1.0) 

84  FORMAT ( 'ABSOLUTE  FRES5URE  -  *.I3,'  ATMOSPI JERES * , 1 OOX ) 
Y-  YiV  I N+30 . 5*UN  I  T 

CALL  PLOT( ICC.44.5.Y) 

WRITE  (4,85) 

CALL  CHAR ( 0 • 1,0) 

85  FORMAT! 'HELIUM  -  WATER  SYSTEM », 1 OOX ) 

Y-YMIN+32.5*UN! T 

CALL  PLOi < ICC, 35. , Y) 

WR I TE ( 4 , 06 ) 

CALL  CHAP (0.2,0) 

80  FORMAT ( 'PSYCUROMETR I C  CHART ', 1 OOX > 

Y--  CM  IN-2. 6*  UN  IT 

CALL  PLOT ( ICC, 23. 6 ,Y) 

CALL  PLOT  (  ICC,  '.33.4,  Y) 

YY  =  Yf.*  IN  + A?  « 6*UN  I  T 
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CALL  PLOT  ( I CC  ,  1 33 •  4 « YY ) 

CALL  PLOT{ ICC, 23.6, YY) 

CALL  PLOT{ ICC, 23.6, Y) 

CALL  PLOT ( 99) 

GO  TO  34 

C  LABEL  WET  BULB  LINES 
27  X  =  TV/-2. 

Y=HUU+ 1 ,*UNIT 
CALL  PLOT ( ICC.X.Y) 

WRITE ( 4 , 33 )  II 
CALL  CHAR  10.1.0) 

33  FORMAT ( 13, 100X) 

CALL  PLOT (99) 

XX=TW— 0 .5 

Y Y  =  HUU+  0.4  *UN I  ( 

CALL  PLOT( ICC ,TW,HUU ) 

CALL  PLOT (  I CC , XX  « YY  » 

CALL  PLOT (99) 

KOUNT  =  0 
GO  TO  26 

34  CALL  PLOT (7) 

GO  TO  36 

37  CALL  PLOT ( 100) 

STOP 

END 

SUBROUT  I NE  F I G ( MM , TW ) 

D I  MENS  I  ON  PRES (120) 

COMMON  PRES. PS 
TW=MM 

DEL  = ( PS-PRES ( MM ) )/{PRES(MM+I  ) -PRES (MM) ) 

TW=TW+OEL 

RETURN 

END 
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DATA 
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»*  I  ■«&  ■-  '*»  vw  • 


//CON  1 XX  JC3  T234  « • ROBERT  C  RAMSEY 

//STEP1  EXEC  FORTGCDK 
//FORT  » SYS  IN  DO  * 

C  PROGRAM  TO  REDUCE  RAw  DATA 

C 

C 

C  JDAT  =  DAY  OF  MONTH 

C  CODE  =  1  =  AIR  CODE  =  2  ~  HELIUM 

C  ATM  =  ATMOSPHERIC  PRESSURE  IN  INCHES  OF  MERCURY 

C  GAGE  =  GAGE  PRESSURE  IN  POUNDS  PER  SQUARE  INCH 

C  \i!B  =  WET  BULB  TEMPERATURE  IN  MILLIVOLTS*  COPPER-CONST  I  NT  AN 

C  DO  =  DRY  BULB  TEMPERATURE  IN  MILLIVOLTS*  COPPER-CONST  I NTAN 

C  TRH  =  TEMPERATURE  AT  WHICH  RELATIVE  HUMIDITY  WAS  TAKEN  IN  DEG.  F 

C  RH  =  RELATIVE  HUMIDITY  DIVIDED  BY  1 00 

C  PPM  =  PARTS  PER  MILLION  WATER  VAPOR  BY  VOLUME  By  DEW  PT.  HYSRMETR 

C  DELH  =  DIFFERENCE  IN  HEAD  ON  WATER  FEED  IN  INCHES  OF  WATER 

C  DROPS  =  FEED  RATE  OF  WATER  IN  DROPS  PER  MINUTE 

C  VEL  =  FLOW  RATE  IN  CUBIC  FEET  PER  MINUTE 

DIMENSION  TEM( 120) ,PRES( 120 ) 

common  tem,pres,v;b 

INTEGER  TRIP. CODE 
0 

999  OD-2.5 
D I A=  *  <30 

WR I TE ( 3 , 9 ) 

9  FORMAT  t 1 M 1 J 

READ (1,50}  JDAT , CODE , PPC0R . RHCOR 
50  FORMAT!  12, 1 1  ,2F8.,0; 

IF ( CODE  «EO. I  )  GO  TO  80 
WRITE  ( 3 , 55 )  JDAT 

55  FORMAT  (2X , » PURPOSE^CHECK  OUT  NEW  APPARATUS  WITH  HELIUM  ****** 

1  * « 20X , *  DATE  5/«,I2,‘/68  »,//) 

GO  TO  81 

BO  WRITE  (3,82)  JDAT 

82  FORMAT  ( 2X , * PURPOSE=CHECK  OUT  NEW  APPARATUS  WITH  AIR  ****** 

1  *  »20X . *  CATE  5/ • , ! 2 , • /6S  *.//) 

81  WRITE  (3,11) 

11  FORMAT (2X, ‘PRESS  HG»,4X,'REL  HUM  AT  p,,4X,*AT  TEM  OF  *.4X.fMASS 

1  VEL  •  ,  4X  ■>  •  DEL  H  H20  *  ,  4X ,  *  DROPS  MIN  t^X.JDS  DEG  F  *,4X.<Wo  DEG  F 

2  •  «4X,  ’CONST  K  •',///> 

15  READ  (1,17)  (TEM( J) . J=1 . 120) 

17  FORMAT  ( 1 0K8  «  A ) 

READ  (1,18)  (PRFS(L) ,L=! , 120) 

18  FORMAT  ( 10F8.5) 

BREAD  (1.19)  ATM. GAGE, WB.DB. TRH, RH, PPM, DELH, DROPS, VEL 

19  FORMAT  ( 1 0F8, 0 ) 

erh=r:i 

PPM  = (PPM-PPCOR)x ,000001 
RH-RH-RHCeq 

GAGE  =  GAGE *29*  921/14#  696 
pr ATM  t  GAGE 

IFCDB.EC.O.OO)  GO  TO  10 
TRIP  =  1 

99  IF  (WB.CE. TEM(50) )  GO  TO  1 


5^ 


IF  CV8.GE.TEMI25)  I  SO  TO  3 
DO  4  K3  *  i«24 

IF  CVB.GE.TE»M3).AND.wB.Ll  .'ZMCM3+1  >)  GO  TO  21 

4  Continue 

21  CALL  FIG  OO.VB1.S3C) 

3  00  5  1*2=25,49 

IF  fVB«GE.TFM<M2).AN0.vb.t.T.TCM(M2+l  )  )  GO  TO  22 

5  CONTINUE 

22  CALL  FIG  cM2.Vbl.s30) 

1  IF  (VB.GE.TEMC7S))  GO  TO  2 
TO  6  FT=50.74 

IF  tVB*GE«TEMCK4)aAND.vB.LT«TEM(M4+l  >  GO  TO  23 

6  CONTPvjE 

23  CALL  FIG  <Ka.-B1,S3C) 

2  DO  7  P.-’S.I 19 

IF  CVB.GF.Tr  (Ml).ANO.v8.L1»T£MCMl^l))  GO  TO  24 

7  CONTIKJE 

24  CALL  FIG  CM).vBl-«30) 

30  IF  CTPI°.EQ.2)  GO  TO  97 
VET  *  VB1 
,P  *  VET 

PEL  *  f«ET-I~)*CPRESf IP+1 l-PRESI IP) ) 

PS  =  PRESUPl+PEL 

iw  =  trh 

TEL=C^RH-1TP  *CPRETClTR+t  l-PRESC  ITR)  > 

PSS=PRESC ITRl+TEL 
DO  38  KKKs 1.2 

;F(*CKX.EO.  1  )  PIS'  r.H*P5s*PyATM 
IF'»3CK.eo,2)  PIS  =  PP*5*P 
44  IF  CTRIP.CQ  ’)  GO  TO  93 
IFCTRlP.Ea.i;.  GO  TO  97 
98  TRIP  =  2 
V8  =  DB 
GO  TO  99 
97  TOB=WBl 
IDS  =  TD3 

8£L=CT08-IDB)*<PRESC 103+1 )-PRES( 103) > 

PSO=PRES (I OB ) +6EL 
69  BMW  =  TD8-WET 

CON  =  (PS-PIS)*(  1093. 8-0, 576*WET)/(P*(DMW)  ) 

DD=D|A**2-(0D/25.4 )**2 
HSV  =  VtL*.UO./OD 
IF  \€ODE.EQ. 2 )  GO  TO  83 
KSV  =  VEL+80I./0D 
8Z  RK= (PI S/FSD ) * 1 00 « 

IF(KKK.EO.l)  WRITEC3.1H)  PIS.PS.DMW 
IF (KKK.EO. 2)  WRITE  0,222)  PIS, PS. OMW 
111  FORMAT  <2X,»RH  METER  USED  Pi S= • ,F1 0.5 « •  P  SATO  =».Fl0.5,» 

1  OB  -  WB  =• .F10.2,/) 

222  FORMAT  C’X.'DEW  POINT  HYGROMETER  USED  P l S~ • . F 1 C. 5. *  P  SATO  = 

l».F10.5,»  OB  ~  WO  =*,F10.2,/) 

IF (KKK.EQ. 1 ) 

ICONU=(  (PS+0.001  19)-  (ERH-0 .015)*  (PSS-0 . 00  172)*  ( P-0.4  )/(ATM4G.0<»)  )*< 
2<  1 093. 8+0.05)- (0.576-  0.0005 )*( WET-0.02 > )/( (P-0.4 )*( ( TD3-0. 02 > ~ < WET 
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3-0.02))) 

.FOOCK.EO.  U 

1CCWM-C  C Ps-O. 001 19)-(ERH+0.015)*(PSS+0.00172**(P+0.4)./cATM-0.04)  >*( 
1093.8-0.05)  - <0.576+0.0005 )*(WET+0. 02 )  )✓(  (P+0.4 )*  (  (TDB+O.O9)— ( 
3-0.02)1) 

IFOOOC.EO.2)  M=M+1 
IF (KKK.E0.2.AN0.M.LE.4 ) 

lCONu=( (PS+0.001 19)— (PPP-. 00 0500)* (P—0 .4)  ,*t 

2( *093. 8+0. 05) -(O. 576-0. 0005 J*( WET-0. 02) )✓( (P-0.4 )•( (T0B-0.02)- (WET 
3+0.02))) 

IFCKKK.EO.2.AN0.M.LE.4) 

ICONX={ (P3-0.001 ! 9)— (P°M+0 .000500 )*{P+ 0.4  )  ){( 

2(  1093.8-0.05)-(0.576+0.0005)*(WET+0.02)  )✓(  (P+0.4  )*(  (TOO+O.C2)-(WET 
3-0.02) ) ) 


1F(KKK.E0.2«AN0.M.GE.S) 

ICONU={ .PS+O.COl 19)— (PPP-.G00150>*(P— 0.4) 

2(  1093.8+0. 05)-(0.576-C.C005)*(WET-0. 02)  )✓(  (P-0.4)*(  <TD3-0.02)-(wET 
3+0.02))) 

IFOCKK.EQ.2.AND.M.GE.5) 
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ICONS- ( (PS— 0.001 1 9 )  —  ( PP)^  0 • G v .*50)-  {P+0. 4)  >fr( 

2(  1093. 8-0. 05) -( 0.576+0. 0005 )*( VET+O.02) )✓( (P+0.4 )*( (T08+0. 02)- (WET 
3-0.02))i 

PERU= ( CONu/CON  -  I  ) *  1 00. 

PERM=  <.  l  .  -CONM/COF  )  *  1  w  • 

*R 1 TE ( 3 . 500 ) CCNU , PERU  «  CONM , PERM 

FORMa-(2x.-K,  MAX  PLU5  ERROR  =.,F10.4.*  PERCENT  ERROR  =..F10.2.5x 
!.*K«  MAX  MINUS  ER30R  =*«rl0.4,«  PERCENT  ERROR  = • ,F1 0.2 .✓) 

SS- CON**2 


WRiTE  (3.501)  SS 

50!  FORMAT  (5X. 'CON  SQUARED  =«.FI0.8,/) 

sT?  1  TE  C3.12)  P . RH . TDE . MSV . DELH « DPOPS .  TDB  .  WET « CON 
88  CONTINUE 

12  rORMAT  (2x «Fl 0. 2. 4X.F 1 0. 1 « 4 X «F 1 0.2 . 4X» 1 1 O . 4 ( 4X 
CO  TO  8 
10  CALu  EXIT 


10.2) * 4X» F 1 0 , 4  »// ) 


END 

SUBROUTINE  FIG(MM,V?B1  ,*} 
DIMENSION  TEM( 120) ,PRES( 120) 
COMMON  7 EM, PRES. WB 


V8l=MM 


DEL= (WB-TEM(MM) )/(T£M(MM+| )— TEM(MM) ) 

wb  i = wb  i  (  del 

RETURN  1 
END 
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1*.  AftlTRAC  T 

>/hen  gas  that  is  not  saturated  with  water  is  passed  over  a  wetted  surface,  the 
surface  tenperature  will  drop  because  of  evaporation  of  water.  This  drop  i:i  terrper- 
ature  (often  called  the  wet-bulb  depression)  together  with  the  tenperature  of  the 
gas  stream  gives  a  measure  of  the  humidity  of  the  gas .  For  many  years ,  psychrcmeters 
based  on  this  phenomenon  have  been  used  very  successfully  for  measuring  the  hunidity 
of  air  under  the  usual  conditions  of  tenperature  and  pressure  encountered  by  most 
people  on  earth. 

In  recent  years with  man’s  increasing  interest  in  exploring  the  ocean  at 
greater  and  greater  depths,  it  was  found  necessary  to  reolace  the  nitrogen  of  the 
normal  atmosphere  with  he 11  in  to  provide  a  breathing  gas  for  those  living  at  ambient 
ocean  pressure.  This  led  to  a  need  for  a  knowledge  of  the  psychrcmetrlc  properties 
of  heliun  at  pressures  up  to  several  hundred  pounds  per  square  ‘inch. 

This  investigation  has  resulted  in:  (1)  the  development  of  an  improved  psychro- 
meter,  (2)  the  development  of  a  psychrometrlc  equation  for  the  helium-water  vapor 
system,  and  (3)  the  development  of  a  conputer  program  which  makes  it  possible  to 
print  out  psychrcmetrlc  charts  for  any  ocean  depth. 


DD  ,Fr.,14 

S/N  010  ? - 807. 6801 


1473 


(PAGE  1) 


Security  Classification 


0*01 


Security  U*»i  Uiotioc 


Heliuo-water  vapor 

Wet-  and  Dry-Bulb  Tenperatures 

Psychrometrlc  Properties 

Psychrcmetiy 


DD  :r..1473  back) 

(PAGE  2) 


